The MYB oncogene is a leucine zipper transcription factor essential for normal and malignant hematopoiesis. In T-cell acute lymphoblastic leukemia (T-ALL), elevated MYB levels can arise directly through T-cell receptor-mediated MYB translocations, genomic MYB duplications or enhanced TAL1 complex binding at the MYB locus or indirectly through the TAL1/miR-223/FBXW7 regulatory axis. In this study, we used an unbiased MYB 3′untranslated region-microRNA (miRNA) library screen and identified 33 putative MYB-targeting miRNAs. Subsequently, transcriptome data from two independent T-ALL cohorts and different subsets of normal T-cells were used to select miRNAs with relevance in the context of normal and malignant T-cell transformation. Hereby, miR-193b-3p was identified as a novel bona fide tumor-suppressor miRNA that targets MYB during malignant T-cell transformation thereby offering an entry point for efficient MYB targeting-oriented therapies for human T-ALL.
INTRODUCTION T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological malignancy affecting children, adolescents and adults. In T-ALL development, immature thymocytes undergo oncogenic transformation caused by cooperative genetic lesions that affect proliferation, survival and differentiation. 1 Constitutive activation of NOTCH1 signaling provoked by activating NOTCH1 mutations 2 or inactivating FBXW7 aberrations 3 is the most prominent oncogenic pathway in T-ALL pathogenesis. In addition, T-ALL patients often display recurrent translocations, duplications and interstitial deletions resulting in aberrant expression of several transcription factor oncogenes, including MYB. Illegitimate expression of these transcriptional regulators drives specific gene expression programs that catalog T-ALL patients in different molecular genetic subgroups. [4] [5] [6] The MYB proto-oncogene is a leucine zipper transcription factor that is aberrantly activated in a subset of T-ALL patients through a recurrent T-cell-receptor (TCR)-mediated translocation t(6;7)(q23; q34) leading to TCRβ-mediated MYB overexpression in 7% of cases or somatic duplications in 10-15% of cases. 7, 8 Furthermore, additional mechanisms of MYB activation include direct MYB upregulation by the oncogenic TAL1/GATA3/RUNX1 complex 9 or indirect through the TAL1/miR-223/FBXW7 regulatory axis. 10, 11 In line with this notion, T-ALL patients that show aberrant expression of the TAL1 oncogene (60%) 4 are characterized by high levels of MYB expression. 9 During normal hematopoiesis, MYB has a major role in directing proliferation, lineage commitment and differentiation. 12, 13 Interestingly, T-cell-specific ectopic expression of v-Myb, a truncated and rearranged form of MYB, in transgenic mice gives rise to high-grade T-cell lymphomas, underscoring the driver role of MYB in normal and malignant T-cell development. 14 Finally, MYB is an essential downstream target of homeobox (HOX) genes, which serve as critical regulators of normal and malignant hematopoiesis. 15 In the past decades, microRNAs (miRNAs) were identified as a group of small non-coding RNA molecules that negatively regulate gene expression. Sequence complementarity of the seed of the miRNA and the 3′ untranslated region (UTR) of the target mRNA initiates the formation of the RNA-induced silencing complex leading to mRNA degradation or inhibition of translation. 16 Deregulated miRNA expression is a common feature of human cancers and can be caused by specific chromosomal abnormalities, including somatic deletions (for example, miR-15a/miR-16-1 deletions in chronic lymphoblastic leukemia 17 ) or translocations (for example, TCRβ-miR-17-92 translocation in T-ALL 18 ). Importantly, some of these small RNA molecules have emerged as important players in the control of driver genes implicated in T-ALL 10, 11, [18] [19] [20] and might serve as excellent candidates for miRNA-based therapies in the treatment of T-ALL. 21 Thus far, the miRNA regulatory network controlling T-ALL oncogenes has not been extensively studied. Here we selected the MYB proto-oncogene as the first candidate for an in-depth exploration of this miRNA network through an unbiased, highthroughput 3′UTR-miRNA library screen and subsequent analyses of miRNA-mRNA correlation data during normal T-cell differentiation and in primary T-ALL patient samples. Using this unique integrative approach and subsequent in vitro and in vivo validation, we identified miR-193b-3p as a bona fide T-ALL tumor-suppressor miRNA, targeting MYB.
MATERIALS AND METHODS

MiRNA profiling of T-ALL patient samples and normal T-cell subsets
MiRNA profiling (430 miRNAs) was performed on a T-ALL patient cohort of 50 primary patient samples (15 TAL/LMO, 15 TLX1/TLX3, 12 HOXA and 8 cases could not be categorized) and on 5 normal thymocyte subsets (CD34+, CD4+CD8+CD3 − , CD4+CD8+CD3+, CD4+, CD8+). Human thymus tissue was derived from pediatric patients undergoing cardiac surgery and was obtained and used according to the guidelines of the Medical Ethical Commission of the Ghent University Hospital (Belgium). Thymus tissue was immediately processed to generate a single-cell suspension that was subsequently used to isolate distinct developmental stages. CD34+ thymocytes were purified using magnetic-activated cell sorting (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany) and CD4+CD8+CD3 − , CD4+ CD8+CD3+, CD4+CD8 − CD3+ and CD4 − CD8+CD3+ subsets were purified using FACS (fluorescence-activated cell sorter)-mediated cells' sorting following labeling of total thymocytes with CD4, CD8 and CD3 antibodies. Purity for all subsets was at least 98%. MACS-enriched CD34+ thymocytes are the immediate T-cell progenitors as illustrated by the co-expression of CD7 by 498% of the cells. 22 This miRNA data set was reported before, and for a detailed description of the miRNA profiling protocol, we referred to Mavrakis et al. 19 This study (2008/531) was approved by the Medical Ethical Commission of Ghent University Hospital (Belgium, registration B67020084745). 19 In addition, we performed miRNA profiling (755 miRNAs) of a second T-ALL patient cohort of 64 primary patient samples (15 immature, 25 TAL/ LMO, 17 TLX1/TLX3 and 7 HOXA). These patient samples were previously investigated in a study of Clappier et al. 23 The samples were collected with informed consent according to the declaration of Helsinki from Saint-Louis Hospital (Paris, France), and the study was approved by the Institut Universitaire d'Hematologie Institutional Review Board.
Transcriptome profiling of T-ALL patient samples
On the cohort of 64 primary T-ALL patient samples, gene expression analysis was performed. Briefly, RNA quality was evaluated on the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Next, transcriptome profiling was performed on GeneChip Human Genome U133 2.0 Plus arrays (Affymetrix, Santa Clara, CA, USA) according to the standardized procedures at the IGBMC (www.igbmc.fr, Strasbourg, France). Normalization of the gene expression profiles was done using the variance stabilization and calibration (VSN) R package. 24 Correlation analysis was performed using the Spearman's rank correlation analysis in R statistical programming environment (version 3.0.1). Microarray data files are available from ArrayExpress under accession no. E-MTAB-604. 23 Transcriptome profiling of mouse T-ALL samples RNA was isolated from mouse leukemia samples with the miRNeasy mini kit with DNA digestion on-column (Qiagen, Venlo, The Netherlands) and concentration measured using the NanoDrop 1000 Spectrophotometer (Wilmington, DE, USA). RNA quality was assessed using the Experion Automated Electrophoresis System according to the manufacturer's instructions (Bio-Rad Laboratories, Hercules, CA, USA). Subsequently, gene expression analysis of the RNA samples of the mouse leukemias was done using the SurePrint G3 Mouse 8x60K Microarrays according to the manufacturer's instructions (Agilent Technologies). The gene expression data were normalized by quantile normalization using R and background correction using the dark corner probe group of the Agilent slides.
MYB 3′UTR-miRNA library screen
Twenty-four hours after seeding, HEK-293 T cells (10 000 cells/well in 96-well plates) were transfected with a pRL-TK control vector (20 ng) containing Renilla luciferase (Promega, Madison, WI, USA) and a reporter vector (100 ng) containing wild-type 3′UTR of MYB downstream of firefly luciferase (SwitchGear Genomics, Menlo Park, CA, USA) together with a library of 470 miRNA mimics (2.5 pmol) (Ambion's Pre-miR miRNA Precursor Library (Foster City, CA, USA)-Human V3, design based on miRBase release 9.2 with exclusion of hsa-miR-122a, Life Technologies, Carlsbad, CA, USA) by use of Dharmafect (Dharmacon, Thermo Fisher Scientific, Waltham, MA, USA). After 48 h, luciferase activities were measured using the Dual-Luciferase Reporter assay (Promega) on a Fluostar Optima (BMG Labtech, Ortenberg, Germany). For each miRNA a robust Z-score was calculated, which represents the ratio between firefly/ Renilla luciferase activities of a specific miRNA subtracted with the median firefly/Renilla value of the 96-well plate. An interaction score was then calculated, which represents the robust Z-score of a miRNA subtracted with the median robust Z-score of this miRNA over all the screens that were performed. This screen is part of a large screening effort of 17 known cancer genes (Van Peer et al., manuscript in preparation). Notably, the lower the interaction score, the more likely a miRNA will interact with the 3′UTR of interest. Two criteria were used to determine the cutoff with the highest accuracy using a receiver operator characteristic curve analysis (cutoffo− 1.93, specificity = 99%, sensitivity = 51%) to separate interactions from non-interactions. To perform this receiver operator characteristic curve analysis, interaction scores were taken into account of a set of selected miRNA interactions that were validated in literature as well as interaction scores of miRNAs derived from an empty 3′UTR vector miRNA library screen. Our MYB 3′UTR-miRNA library screen was performed in duplicate to determine the reproducibility of our screening method.
Single 3′UTR-miRNA reporter gene assays and rescue experiments
To produce a MYB 3′UTR mutant vector in which the two 6-mer target sites for miR-193b-3p were mutated, the Site-Directed Mutagenesis Kit (Stratagene, Agilent Technologies, Santa Clara, CA, USA) was used according to the manufacturer's guidelines.
Primer sequences for mutagenesis were: 6-mer1 F, 5′-GGTAATG AATTGTATCACTTTGTTAATATCTTAATGCAG-3′; 6-mer1 R, 5′-CTGCATTAAG ATATTAACAAAGTGATACAATTCATTACC-3′; 6-mer2 F, 5′-CTGTGGTTGA TAGTCACTTCACTGCCTTAAG-3′; and 6-mer2 R, 5′-CTTAAGGCAGTGAAG TGACTATCAACCACAG-3′. The wild-type or mutant 3′UTR vector of MYB (SwitchGear Genomics, Carlsbad, CA, USA) and a pRL-TK control vector (Promega) were co-transfected in HEK-293 T cells with either a miRNA mimic for miR-193b-3p (PM12383, Ambion) or a scrambled, non-targeting control miRNA mimic (AM17111, Ambion), followed by luciferase measurements as described above.
Electroporation of miRNA mimics in T-ALL cell lines
First, 64 × 10 6 cells from T-ALL cell lines were suspended in 2 ml RPMI-1640 medium together with the miRNA mimic or non-targeting control (final concentration: 400 nM). Next, 500 μl of each cell suspension was transferred to electroporation tubes followed by electroporation (0.300 kV and 1 mF) with the Gene Pulser II (Bio-Rad Laboratories). The cells from one electroporation were divided over four wells of a 12-well plate and diluted to a final cell suspension of 1.6 × 10 6 /ml. Finally, cells were collected for RNA and protein isolation after 24, 48 and 72 h.
NOTCH1-induced T-ALL mouse model
The institutional and national guide for the care and use of laboratory animals was followed. At embryonic day 13-14, we isolated fetal liver cells with hematopoietic progenitor cells (HPCs) from pregnant mice. Next, we transduced the HPCs with ICN1 (active NOTCH1, co-expression of mCherry) and a vector encoding antagomiR (sequence = 5′-AGCGGGACTTTGAGGG CCAGTT-3′) against miR-193b-3p or an empty vector control (co-expressing green fluorescent protein). After irradiation of mouse recipients, the transduced HPCs were injected using tail vein injection followed by monitoring of leukemia onset. Various tissues were collected at time of leukemia formation and fixed in formaldehyde for immunohistochemistry. Spleen and thymus cells were mashed to single-cell suspensions and frozen in 10% dimethyl sulfoxide. RNA and protein lysates were generated from the mouse samples and used for quantitative PCR and western blotting analysis. Leukemia onset data were analyzed using the Kaplan-Meier method and the log-rank test for statistical significance.
Statistical analyses
We identified all differential expressed miRNAs between T-ALL patient samples and normal thymocyte subsets by use of the standard t-test combined with Benjamini-Hochberg multiple testing correction (Po 0.05). We applied the same t-test to identify all miRNAs that are differentially expressed between the TAL subgroup and other T-ALL subgroups (Po 0.05) and to identify all differentially expressed genes between the antagomiR-193b-3p and NOTCH1-only control mouse samples (Po 0.05). Linear regression analysis was performed using the GraphPad Prism version 5 (GraphPad Software, San Diego, CA, USA, www.graphpad.com).
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MiRNA-193b-3p nomenclature Official nomenclature and sequence annotation for miR-193b-3p by the miRBase database (http://www.mirbase.org/) changed a few times during the course of this study. During the time of the 3′UTR high-throughput screening effort and the miRNA profiling of cohort 1, miR-193b was annotated in miRbase with the following mature sequence: 5′-AACU GGCCCUCAAAGUCCCGCUUU-3′. Before profiling of cohort 2, the sequence of this miRNA changed to 5′-AACUGGCCCUCAAAGUCCCGCU-3′, but the nomenclature remained unchanged. As the sequence change occurred at the 3′ end of the miRNA's sequence, the seed sequence remained unchanged, which likely does not affect the function of miR-193b. At the start of our validation studies, a new miRbase release was published and the nomenclature for miR-193b changed to miR-193b-3p. In this manuscript, we therefore refer to this miRNA as miR-193b-3p according to the latest miRBase release.
RESULTS
Identification of miRNAs targeting MYB using an unbiased MYB 3′UTR-miRNA library screen Given the oncogenic role of MYB in T-ALL and the relevance of perturbed miRNA signaling in T-cell transformation, we conducted a miRNAome-wide screen to identify novel miRNAs that target the MYB proto-oncogene. More specifically, we performed a highthroughput dual luciferase-based MYB 3′UTR-miRNA library screen to explore possible interactions between the 3′UTR of MYB in HEK-293 T cells and 470 miRNA mimics (includes all annotated miRNAs based on release 9.2 of the miRBase reference database). After co-transfection of the miRNA mimics together with the MYB 3′UTR and control vector, we measured the luciferase activities and calculated an miRNA interaction score for each miRNA mimic (see Materials and Methods) ( Figure 1a ). We conducted two independent MYB 3′UTR library screens to evaluate the reproducibility of our screening method and ensure the reliable identification of positive miRNA hits (Figure 1b , Pearson's correlation coefficient r = 0.85). Next, we determined positive hits based upon interaction scores o − 1.93, a cutoff that was established based on 3′UTR library screens for 17 known cancer genes (see Materials and methods; Van Peer et al., manuscript in preparation). As such, this MYB 3′UTR screening analysis yielded a total of 33 miRNAs that could potentially target MYB (Figure 1c and Supplementary Table S1 ). Eleven out of these 33 hits were not predicted by various target prediction programs (TargetScan, PicTar, miRanda, MirTarget2, DianamicroT) emphasizing the strength of our screening method as an unbiased tool for the identification of novel non-predicted miRNA-target gene interactions. The fact that the number of experimentally identified hits through the 3′UTR library screen (33 miRNAs) is significantly lower as those generated by online target prediction databases (for example, 74 predicted miRNAs by TargetScan or 159 predicted miRNAs using DianamicroT) underscores the significant level of false positives generated by computational prediction programs. In addition, our analysis identified five out of the eight (63%) known miRNA-MYB interactions described in literature, including miR-150, 25 miR-200b, 26 miR-424, 27 miR-429 28 and miR-126. 29 The three remaining miRNAs (miR-155, 27 miR-15a 30 and miR-200c 31 ) could represent false negatives in our screen.
MiRNA-193b-3p potentially targets MYB in normal and malignant T-cell development and shows low expression in the TAL-rearranged T-ALLs
Following the unbiased identification of 33 positive miRNA hits in our MYB 3′UTR-miRNA library screen, we explored the miRNA expression profiles of normal T-cell subsets representing major stages of thymocyte maturation 32 and two genetically wellcharacterized T-ALL patient cohorts to identify relevant miRNAs in the context of normal and malignant T-cell development. First, we evaluated the expression of 430 miRNAs in a primary T-ALL cohort consisting of 50 T-ALL patient cases as well as 5 normal T-cell subsets (CD34+, CD4+CD8+CD3 − (DP3 − ), CD4+CD8+CD3+ (DP3+), CD4+ (SP4+) and CD8+ (SP8+)). 19 Next, we explored both the miRNAome (755 miRNAs) ( Supplementary Table S2 ) and transcriptome 23 of a second independent T-ALL patient cohort of 64 primary T-ALL cases to identify putative miRNA-mRNA interactions based on integrative miRNA-mRNA correlation analysis.
By performing differential miRNA expression analysis, we first identified 43 putative tumor-suppressor miRNAs with significant reduced levels of expression in T-ALL patients as compared with normal T-cell subsets (P o0.05; fold change o − 1.50 Supplementary Table S3 ). Cross-comparison of the 43 putative tumor-suppressor miRNAs with the 33 hits identified in the MYB 3′ UTR screen retained 5 miRNAs shared in both analyses (Figure 2a ). Interestingly, two miRNAs out of these five common miRNAs, namely miR-195 and miR-193b-3p, showed strong opposite expression patterns with MYB expression during normal T-cell differentiation (Pearson's correlation coefficient r = − 0.75 for miR-193b-3p and r = − 0.66 for miR-195, Figures 2b-d , Supplementary Figures S1a-d) . However, only miR-193b-3p was negatively correlated with MYB expression in primary T-ALLs (Spearman's rank correlation with correlation factor o − 0.5; Supplementary Table S4 ), suggesting that MYB regulation by miR-193b-3p might be functional in both normal and malignant T-cell context (Figures 2e-g) . Of importance, miR-193b-3p clearly demonstrates a reduction in expression levels in the vast majority of the T-ALL patient samples (cohort 1) compared with the normal T-cell subsets (Supplementary Figure S1e) . Finally, we evaluated the miR-193b-3p expression in molecular genetic subtypes of human T-ALL. Significantly lower expression levels of miR-193b-3p were identified in TAL-rearranged T-ALLs (Supplementary Tables  S5 and S6 , Figures 2e-f) , which corresponds to the previously reported higher expression levels of MYB in TAL-rearranged leukemias. 9 In vitro validation of the interaction between MYB and miR-193b-3p in T-ALL cells Following the selection of miR-193b-3p as putatively functionally relevant miRNA in the context of normal T-cell maturation and T-ALL oncogenesis, we decided to validate the direct interaction between miR-193b-3p and the 3′UTR of MYB using single luciferase-based reporter assays to confirm the 3′UTR-miRNA library screen results. This assay showed a substantial downregulatory effect of miR-193b-3p on luciferase activity as compared with a non-targeting miRNA control (Figure 3a ). We identified two potential 6-mer-binding sites for miR-193b-3p ( Figure 3b ), and mutation of both target sites abolished the downregulatory effect of miR-193b-3p on luciferase activity, demonstrating the seed-specific interaction between miR-193b-3p and the 3′UTR of MYB (Figure 3c ).
Next, we investigated whether miR-193b-3p regulates MYB expression levels in the T-ALL cell line RPMI-8402, which contains a genomic MYB duplication and in the T-ALL cell line LOUCY, which harbors high MYB protein expression levels as compared with other T-ALL cell lines (Supplementary Figure S2a ). 8 In both T-ALL cell lines, overexpression of miR-193b-3p induced downregulation of MYB expression levels compared with a nontargeting miRNA control at different time points (Figures 3d and e,  Supplementary Figures S2b and d . Previous studies identified MCL1 as a miR-193b-3p target in other cancer types. 33, 34 Importantly, MCL1 was also shown to contribute to T-ALL formation. 19 Therefore we tested the effect of overexpression of miR-193b-3p on MCL1 levels and observed that miR-193b-3p induced downregulation of MCL1 expression levels in both T-ALL cell lines (Figures 3d and e, Supplementary Figures S2c and e ). Hence, the putative tumor-suppressor miR-193b-3p interacts with both MYB and MCL1 by site-specific complementarity and affects the MYB and MCL1 protein levels in T-ALL, thus further broadening the miR-193b-3p network in T-ALL.
In vivo downregulation of miR-193b-3p accelerates T-ALL onset Next, we evaluated the possible oncogenic effect of loss of the putative T-ALL tumor-suppressor miR-193b-3p in a NOTCH1induced T-ALL mouse model. 35 In brief, fetal liver cells were retrovirally transduced with an ICN1 (NOTCH1) construct (co-expressing mCherry) as well as a construct encoding antagomiR against miR-193b-3p (co-expressing green fluorescent protein) or an empty vector construct. Next, the transduced HPCs were tail vein injected into lethally irradiated recipient mice, and T-ALL onset was monitored (Figure 4a ). We observed accelerated leukemia onset in mice injected with HPCs containing the antagomiR against miR-193b-3p (n = 15, mean latency = 43.5 days, log-rank test P o 0.05) compared with NOTCH1-only controls (n = 9, mean latency = 54.8 days) (Figure 4b) . Notably, the T-cell lymphoblasts derived from the murine leukemias displayed a clear green fluorescent protein enrichment at the time of disease onset (data not shown). Furthermore, an increase in Myb protein levels was observed in Figure 1 . An unbiased high-throughput MYB 3′UTR-miRNA library screen identifies 33 candidate miRNAs targeting MYB. (a) HEK-293 T cells were transfected with a reporter vector containing the wild-type 3′UTR of MYB downstream of a firefly luciferase gene and a control vector containing a Renilla luciferase gene together with a library of 470 miRNA mimics. Forty-eight hours later, firefly and Renilla luciferase activities were measured. After normalization, inter-plate calibration and correction for systematic error, a miRNA interaction score was calculated for each miRNA in the screen. The lower the interaction score, the more likely a miRNA will interact with the 3′UTR of MYB. (b) The plot of the interaction scores for each miRNA from two independent MYB 3′UTR library screens demonstrates the high reproducibility of our assay (Pearson's correlation coefficient r = 0.85). (c) Our screens reveal 33 candidate miRNAs ( Supplementary Table S1 ) targeting the 3′UTR of MYB (interaction score o − 1.93). The average interaction score of the two screens is plotted on the y axis for each miRNA that was included in the screen (x axis).
the leukemias with reduced miR-193b-3p compared with controls ( Figure 4c ). Moreover, gene expression analysis between four antagomiR-193b-3p samples and four NOTCH1only control samples identified a set of 465 genes that are upregulated or downregulated after miR-193b-3p knockdown (fold change42 and P o 0.05) ( Supplementary Table S7 ).
Immunophenotypic analysis of the murine leukemias using CD3 immunohistochemistry (Figure 4d ) and flow cytometric analysis of CD3, CD4, CD8 and TCR gamma delta (TCRγδ) (Figure 4e , Supplementary Table S8 ) shows that the mouse leukemias represent typical T-cell leukemias characterized by the presence of CD3, CD4 and CD8 on the cell surface of the T-cell blasts. Finally, immunohistochemical analysis of the murine leukemias showed an aggressive leukemia phenotype with infiltration of highly proliferative T-cell lymphoblasts in the liver, kidney, spleen and lungs in both miR-193b-3p loss and NOTCH1-only control samples (Supplementary Figure S3) . No difference in haematoxylin and eosin or Ki67 levels between the miR-193b-3p loss and NOTCH1-only control samples was observed ( Supplementary Figure S3 ). 
DISCUSSION
The MYB oncogene was discovered 430 years ago as a viraltransforming gene in hematopoietic cells. 36 More recently, two independent research groups described MYB duplications (10-15%) and translocations (7%) in primary T-ALL patient samples, 7, 8 linking oncogenic MYB activity to T-ALL pathogenesis. Furthermore, T-ALL patient samples marked with aberrant TAL1 expression display high MYB expression levels directly provoked by TAL1 complex binding. 9 Therapeutic approaches targeting MYB include direct strategies like the antisense MYB oligodeoxynucleotides currently tested in clinical trials 37 as well as indirect strategies like histone deacetylase inhibitors. 38, 39 Therapeutic miRNA delivery might represent an alternative approach for targeting MYB. 40 Hence, we designed and performed a miRNAome-wide MYB 3′UTR-miRNA library screen in HEK-293 T cells in which 33 miRNAs (positive hits) were identified that putatively target MYB. In our screen, one-third of the positive miRNA hits were not predicted by five different miRNA target prediction programs, underlining the power of this unbiased strategy in the identification of nonpredicted miRNA-target gene interactions. Alternatively, comparison of the 33 hits from the screen to the extensive list of miRNAs predicted by computational prediction programs suggests that online tools predict many false positives. Literature data on other genes that were tested in our library screens also show that many bona fide targets remain undetected using prediction tools and likewise only a small fraction of the predicted miRNAs were identified as hits in these library screens. 41, 42 To our knowledge, this is the first unbiased 3′UTR library screen that was conducted for the identification of MYB-targeting miRNAs. Hence, we provide a catalog of MYB-regulating miRNAs to guide prioritization for further validation and functional characterization in different cancer types.
Integration of these MYB 3′UTR-miRNA library screen results with miRNA and mRNA expression profiles of primary T-ALL patient samples as well as normal thymocytes allowed us to identify miR-193b-3p as the top candidate putative tumorsuppressive miRNA targeting MYB in normal and malignant T-cell development. In our sorted normal T-cell subsets, we observed and validated that MYB expression levels drastically decrease during T-cell differentiation. 43, 44 MYB expression levels are tightly regulated in this developmental process, whereby MYB essentially contributes to three specific T-cell developmental stages. 44, 45 Next to MYB, miRNAs are also essential contributors to correct T-cell development as deletion of Dicer, an essential component in the miRNA biogenesis pathway, in mice impedes the survival of αβ T-cells in early T-cell stages. 46 In our data, miR-193b-3p was shown to be strongly anti-correlated with MYB expression during normal T-cell differentiation, and miR-193b-3p controlled regulation of MYB levels through a seed-specific interaction. Taken together, we can propose miR-193b-3p as an important regulator of MYB expression during normal T-cell development.
Based on T-ALL patient data and miR-193b-3p perturbation studies in both T-ALL cell lines as well as the NOTCH1 T-ALL mouse model, we could demonstrate that miR-193b-3p acts as bona fide tumor-suppressor gene targeting MYB in T-ALL. The oncogene MCL1 has previously been described as a miR-193b-3p target in liver cancer and melanoma, 33, 34 which we could confirm in our in vitro model system in T-ALL. Of interest, TAL1 knockdown in T-ALL cell lines 10 or enforced expression of miR-92a and miR-223 in NOTCH1-driven mouse T-ALLs also influences MCL1 protein levels in T-ALL. Mechanistically, MCL1 is a downstream target of the TAL1/miR-223/FBXW7 10 or miR-92a/FBXW7 regulatory axes. 19, 47 Hence, in our study we identified the novel tumorsuppressor miR-193b-3p that can directly regulate MYB and MCL1 levels in T-ALL. Importantly, this indicates that the in vivo tumorsuppressor activity of miR-193b-3p will be mediated by the cooperative and simultaneous repression of multiple oncogenes, a notion that has been postulated for multiple other miRNAs. 19 In line with previous studies, 9 MYB expression levels were elevated in TAL-positive T-ALLs in both T-ALL patient cohorts that we analyzed. Furthermore, we found miR-193b-3p to be significantly lower expressed in TAL-rearranged T-ALLs, which corresponds with the unraveled miR-193b-3p-MYB interaction shown in our study. In the paper of Correia et al., 11 miR-193b-3p is downregulated after TAL1 overexpression in the P12-ICHI T-ALL cell line, indicating that the TAL1 complex could indirectly repress miR-193b-3p expression.
Finally, using the mouse model, we could show for the first time that elevated MYB levels, caused by introduction of an antagomiR against miR-193b-3p, cooperate in vivo with ectopic expression of NOTCH1. Accordingly, a strong synergistic inhibitory effect on proliferation and viability was already demonstrated in vitro after combined knockdown of MYB and NOTCH1 in GSI-sensitive T-ALL cell lines. 8 Hence, we conclude that the novel tumor-suppressor miR-193b-3p can cooperate with NOTCH1 in T-ALL pathogenesis.
